The formation of high efficiency epitaxial emitters by atmospheric pressure chemical vapour deposition (APCVD) for wafer based solar cells as well as thin film solar cells has several advantages compared to the standard diffusion by tube furnace. These advantages include a short process time of only 2-7 min, no need for wet chemical etching after the deposition and an adjustable emitter profile, i.e. doping and depth can be adjusted independently. Simulations by PC1D show the potential of epitaxial emitters featuring low contact resistance in combination with high shunt resistance, a good blue response and low j 0e values [1]. The emitter profiles can be designed in the range from 1x10 17 cm -3 up to 1x10 20 cm -3 for p-type and n-type emitters. In this work the fabrication process and the epitaxial emitter profiles have been adjusted to improve layer quality and to match the passivation and metallisation of high-efficiency concepts. These optimisations resulted in solar cells with an efficiency of 21.0% and an open-circuit voltage of 668 mV, a short circuit current of 39.2 mA/cm 2 and a fill factor of 80% for n-type solar cells with epitaxial boron emitter. Additionally, a selective deposition process has been developed which allows the structuring of the epitaxial emitter. Apart from the epitaxial approach an emitter formation process based on gas phase diffusion [2] using diborane as dopant gas in the APCVD reactor has been developed. This process includes most of the advantages of the epitaxial emitter, i.e. no silicate glass growth and a single side process. N-type PERL type solar cells featuring this emitter result in an efficiency of 21.7% with an open-circuit voltage of 675 mV, a short-circuit current of 40.8 mA/cm 2 and a fill factor of 78.7%. The realisation in industrial scale is in principle possible by using the ProConCVD in-line reactor developed at Fraunhofer ISE [3] 
Motivation
The standard industrial emitter is produced by solid phase diffusion of phosphorus or boron from doped silicate glass. The silicate glass is deposited by using BBr 3 as precursor gases in a tube furnace. This type of emitter formation takes more than 45 minutes and requires additional steps to produce a deep high-efficiency emitter. With epitaxial emitters (see Fig.1 ) by APCVD [4] [5] [6] some of those limitations can be avoided and even additional features can be enabled:
The emitter deposition by APCVD takes only a few minutes The doping profile can be adjusted and offers new design possibilities for optimisation of emitter properties The epitaxial emitter process needs no wet chemical etching after deposition No masking of the rear side is necessary due to single sided processing It is an inline capable process for high throughput reactors Previous solar cell batches couldn't, however, show an efficiency gain compared to reference tube furnace emitters. The reasons for that can be found in recombination at the growth interface and in the defective emitter bulk combined with a degradation of the silicon substrate during high temperature processing.
In addition to the epitaxial growth also an alternative approach for the formation of doped regions based on gas phase diffusion [2] using diborane as dopant gas in the APCVD reactor has been developed. The process keeps most of the advantages of the epitaxial emitter (no glass formation, single side process) while avoiding high temperature degradation and growth interface recombination. Due to simple diffusion processes one loses, however, the freedom of designing the emitter profile as desired
In this paper we will show the potential of the introduced emitter by implementing them in a high efficiency cell concept and comparing them to standard tube furnace diffused emitters.
Experimental procedure
The feasibility of this epitaxial deposition process and a possible industrial application depends on the successful development and integration of the epitaxial emitter into high-efficiency solar cell concepts. A critical aspect is the adjustment of the emitter profile (see Fig. 2 ) with respect to the passivation and metallisation. Additionally, the optimisation of the deposition process to lower temperatures to avoid substrate degradation is necessary. Lower temperatures can however worsen the epitaxial layer quality. Adding HCl into the gas mixture can help to avoid this effect [7] . In addition to the epitaxial deposition a doping process based on B 2 H 6 gas phase diffusion was developed. In this case only moderate optimization has been done and the first diffused emitters were tested in the same solar cell batch with epitaxial and tube furnace diffused emitters to validate the potential of this approach.
The schematic of the applied PERL solar cell structure is shown in Fig. 1 . 1 cm n-type Fz wafers were used as substrate material. The font side of the solar cell features a boron emitter which is either realized by a BBr 3 diffusion process, by epitaxy or by B 2 H 6 diffusion in the APCVD reactor. The respective diffusion profiles are shown in Fig.  3 . The front side is passivated by a layer stack consisting of a thin Al 2 O 3 capped by a SiN x layer. The front side contacts are realized by photolithography and evaporation of a metal seed layer which then is thickened by a plating step. The rear side is realized according to the so called PassDop approach [8] , where a doped passivation layer is deposited and then the contacts are realized by laser process and subsequent evaporation of a metal layer. The process sequence for the processing of the cells is shown in 
Emitter formation
The APCVD process with trichlorosilane (TCS) and B 2 H 6 previously was done at high temperatures of about 1150°C and with deposition rates of up to 2 μm/min. The reduction of the deposition rate for better control of the emitter profile without reducing the homogeneity can be achieved by using HCl in the precursor gas mixture. Furthermore, an epitaxial emitter deposition process at temperatures between 1050 °C and 1000 °C has been developed to reduce the material degradation due to the high thermal budget. The optimisation of the emitter profile is based on PC1D simulations [9] and investigations on the emitter-substrate interface and the overall material quality [10] . In Fig. 2 (left) examples for two epitaxially grown emitters are shown. For this work the 1 μm thick emitter with an emitter bulk doping of about 5e18 cm -3 and a contact peak doping of about 3e19 cm -3 was used. In case of the fabrication process by gas phase diffusion the temperature has been set between 1000°C and 900°C and the doping concentration was adjusted to gain the red profile shown in Fig.2 (right) . This first gas phase diffused emitter profiles have a sheet resistance of about 135-145 /sq. over the entire wafer surface. For comparison two tube furnace diffused emitters are added in the graph. Fig. 2 . Profiles of two epitaxially grown emitters measured by ECV (left) and profile of the gas phase diffused emitter used in this work compared to two standard tube furnace diffused emitters (right).
Solar cell results
In preliminary experiments, the effective minority carrier lifetime of wafers degraded, depending on temperature and process duration. After process optimisation the measurements show 200 μs for p-type and 250 μs for n-type wafers which is an increase of more than one order of magnitude compared to the process at 1150 °C. In Table 1 the results of the n-type PERL solar cells (PassDop) featuring the different boron emitters are shown. Looking first at the V oc of the cells with the epitaxial emitter it can be seen that a relatively high value of 668 mV could be reached, proving that a high quality epitaxial emitter has been grown. However, this value is still about 20 mV below the value of the BBr 3 diffused reference cells, featuring a relatively similar doping profile with a surface concentration of 6 10 18 cm -3 and a depth of about 1.2 μm. Although, the epitaxial emitter features a shallow surface peak doping with a surface concentration of 3 10 19 cm -3 which cannot be passivated as effective as the lower doped surface of the deeply driven in BBr 3 reference emitter, the intrinsic J 0e (calculated by EDNA [11] ) limit of the epitaxial emitter thus with a value of 13 fA/cm 2 is only slightly above the J 0e of the reference profile (11 fA/cm 2 ). Thus the profile itself cannot account for the observed difference in V oc , so probably there are still defects in the epitaxial emitter which alter the V oc potential. Nevertheless, conversion efficiencies up to 21% could be reached with the epitaxial emitter.
*independently measured at Fraunhofer ISE CalLab
In addition to the epitaxial emitter a direct gas phase diffusion from B 2 H 6 was realized in the APCVD reactor. In a first test this process also was applied to some solar cells of the same batch as the epitaxial emitter. The results of these cells are summarized in Table 2 . As can be seen also for this emitter a high V oc up to 675 mV could be reached, resulting in conversion efficiencies up to 21.7%. This first results proof, that with this direct gas phase diffusion high quality emitters can be formed. Having a look at the emitter profile, it can be observed that this emitter features a very high surface concentration of 1 10 20 cm -3 with a depth of only 200 nm. Thus, the profile is not yet perfect for front side passivation. Further optimization might lead to a lower surface concentration, which in principle can be reached by an adoption of the B 2 H 6 gasflow.
*independently measured at Fraunhofer ISE CalLab
In Fig.3 (left) the external quantum efficiency (EQE), the internal quantum efficiency (IQE) and the reflection of the emitters diffused by BBr 3 and B 2 H 6 are shown. Apart from variations in reflection the two fabrication processes show similar results which proves the feasibility of the gas phase diffused emitter using the APCVD reactor. Fig.3 (right) shows the EQE and reflection measurement for the two emitters processed in the APCVD reactor. For the epitaxially grown emitter a significantly higher reflection can be seen. This shows again the need for process optimization in the case of the epitaxially grown emitter. 
Conclusion
This abstract shows that solar cells with epitaxially deposited emitters are still suffering from recombination in the emitter bulk and at the growth interface. This results in a V oc loss of over 20 mV compared to standard tube furnace diffused emitters. A good alternative to the epitaxial growth of emitters is the diffusion process using B 2 H 6 as dopant source. It is a single sided process which needs no wet chemical etching after emitter formation. The first solar cells featuring not optimized emitter profiles reach high V oc values of 675 mV. Efficiencies up to 21.0 % (epitaxial emitter) and 21.7 % (gas phase diffused emitter), respectively, already show the high potential for these emitter formation processes. With another adaptation of the surface concentration enabling better passivation we will be able to generate emitter profiles that can compete with tube furnace diffused emitters.
